Introduction
Bimetallic material has been used widely in aviation, petroleum, chemistry, shipbuilding and automotive industries and becomes one of research focuses in material field. At present, the methods for manufacturing bimetallic slabs are summarized as follows: 1) hot pressure welding, diffusing welding or bonding, hot roll bonding, cold roll bonding, explosion welding and continuous casting. In these fabrication methods, continuous casting is particularly ideal because of favorable interface bond. However, it is difficult to cast bimetallic slab continuously because of the turbulent flow and the fluid jet of molten metals. 2) In order to solve the difficulties, electromagnetic field has been applied to suppress the mixture of two kinds of molten metals from two nozzles. [3] [4] [5] [6] [7] In this paper, the flow field affected by electromagnetic field was computed with the software of ANSYS in order to gain reasonable technological parameters. On the basis of the calculation results, model experiments of continuous casting of Al-12wt%Si and Al10wt%Mg bimetallic slab were conducted.
Principle of Process
The continuous casting process of bimetallic slab with EMBR [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (Electromagnetic Brake) is schematically illustrated in Fig. 1 . A level DC electromagnetic field is imposed outside a mold. A steel baffle is put in the middle of the mold. Two kinds of molten metals of different chemical compositions are supplied simultaneously through submerged entry nozzles into the left and right pools in the mold respectively. By imposing level DC electromagnetic field, the resultant braking force (Lorentz force) is expected to act on the flows to prevent the mixture of the two kinds of molten metals under the baffle in the mold. Figure 2 shows the principle of EMBR. It bases on two basic laws. 6, 7) The one is that the flow of molten metal in the electromagnetic field conducts inductive current:
where s is electrical conductivity, v is the flow velocity and B is magnetic flux density.
The other is that the electromagnetic force F em is generated in the fluid liquid metal under the electromagnetic field: March 10, 2006 ) In this paper, the EMBR technique was applied in producing the bimetallic slab on the basis of numerical simulation with the software of ANSYS. By suppressing the mixture of two kinds of molten metals in the mold of continuous casting strand with a level DC electromagnetic field, the bimetallic slab of Al-12wt%Si and Al-10wt%Mg was obtained. The slab was analyzed by XRD, EPMA and metalloscope. The results showed that there were same compositions on two sides of the slab obtained without electromagnetic field and there were different compositions on two sides of the slab obtained with electromagnetic field of 0.15 T, no obvious interface was found in the slab. The conclusion indicated that the electromagnetic field restrained the flow of the melt effectively.
KEY WORDS: EMBR; bimetallic slab; continuous casting; numerical simulation. where the "Ϫ" denotes the opposite directions of the electromagnetic force and the flow of the liquid metal. The electromagnetic force can suppress the molten metal flow. Theoretically, Maxwell equation, Navier-Stokes equation and energy equation should be coupled to analyze the flow field pattern in the mold under EMBR. Since the flow velocity is low in general, the magnetic Reynolds number of the system is smaller enough than unity. This means that the effect of fluid flow on the magnetic field is negligible. And the electrical parameter is little affected by the temperature. Therefore, the electromagnetic field can be calculated separately.
The electromagnetic field distribution was computed by the software of ANSYS. Considering the boundary condition that the magnetic lines of force were parallel in the infinite distance, the distribution of magnetic flux density B in the section which paralleled to the narrow-face direction and crossed the mold axis could be calculated. The electromagnetic force F em which was derived from the substitution of B into Eq. (2) was considered as volume force in momentum equation and was used as the source term of discrete equation.
Numerical Simulation
Assume the liquid metal was an incompressible fluid and was uniform and isotropic in electrical properties. The velocity field were computed with the k-e turbulence model, 20, 21) in which the wall function and the free slip condition were employed at the solidification front and at the meniscus, respectively. Choose the two-dimensional section which paralleled to the wide-face direction and crossed the mold axis as the modeling section to calculate the flow field. Thomas et al. 22, 23) considered that in fact the flow in the mold was three-dimensional and the flow patterns were closely connected with the nozzle's angle. Most of metal fluid jets from the nozzle flowed downward and upward when the angle was downward, so the model was simplified to two-dimension. 24) The simplification could minimize the computing measurements, reduce the difficulties, save the computing time and was reasonable. Al-12wt%Si alloy was selected as simulation material and the upper mold was selected as braking area. The parameters used in calculation process are listed in Table 1 .
Governing Equations
Using the assumptions above, the governing equations (7) where Constants used in the k-e model: C 1 ϭ1.44, C 2 ϭ1.92, C m ϭ0.09, P rk ϭ1.0, P re ϭ1.3. Figure 3 shows the effect of magnetic flux density on the flow in the mold. Two kinds of molten metals without the level DC electromagnetic field mixed together as shown in Fig. 3(a) . After the molten metals entered the mold, two dispersive currents upward and downward were formed because the fluid jets were strained by the narrow-face. With the function of gravity and viscosity force, two inverse flow areas were formed. In the lower area the fluid jets were strong and in the upper area the meniscus was instable because the molten metals flowed.
When the magnetic flux density of 0.1 T was imposed, the flow field pattern was hardly changed. The two inverse flow areas still existed as shown in Fig. 3(b) . But the flow velocity and the depth of the fluid jets were diminution.
When the magnetic flux density of 0.15 T was imposed, the above-mentioned inverse flows were suppressed basically as shown in Fig. 3(c) . The flow velocity was further diminution, the inverse flow areas were disappeared basically and the depth and intensity of the fluid jets were decreased simultaneously.
When the magnetic flux density upped to 0.2 T, the depth of the fluid jets was still diminishing but the variation was limited as shown in Fig. 3(d) . The higher magnetic flux density was, the more current energy demanded. So the magnetic flux density of 0.15 T was much more reasonable considering the energy consumption and the effect of EMBR.
From the above analysis, the flow field pattern was strongly affected by the magnetic flux density. The level DC electromagnetic field not only diminished the depth of the fluid jets but also controlled the inverse flow areas in the mold. With the increase of the magnetic flux density, the inverse flow areas were diminished and upper shift. Figure 4 shows the experimental apparatus. Two tundishes were laid in a rectangular container. A water cooling copper mold with its inner cross section of 75 mmϫ50 mm and its height of 150 mm was used in this experiment. The level DC electromagnetic field was imposed outside the mold.
Experiment

Experimental Apparatus and Procedure
The experimental conditions are presented in Table 2 . Al-12wt%Si alloy and Al-10wt%Mg alloy were melted in a resistance furnace respectively, and were kept at the temperature of 973 K in the two tundishes. During continuous casting, the two molten alloys were simultaneously poured into the mold through two nozzles respectively.
Results and Discussion
In order to analyze conveniently, the samples of different slabs were taken and were signed as shown in Fig. 5 . The slab obtained under 0 T was marked as number 1, the slab obtained under 0.1 T was marked as number 2 and the slab obtained under 0.15 T was marked as number 3; the sample taken from the left part of the slab was marked as letter L, the sample taken from the middle part of the slab was Figures 6-8 give the results analyzed by powder X-ray diffraction. The images of Fig. 6(a) (sample 1-L) and Fig.   6 (b) (sample 1-R) were quite similar. They contained same phases including a (Al), Mg 2 Si and simple substance Si. So it was considered that the two kinds of molten metals mixed together without the level DC electromagnetic field.
When the magnetic flux density of 0.1 T was imposed, a (Al), Mg 2 Si and simple substance Si existed simultaneously as shown in Fig. 7(a) (sample 2-L) and Fig. 7 (b) (sample 2-M). But there were only a (Al) and Mg 2 Si except simple substance Si in sample 2-R as shown in Fig. 7(c) . This phenomenon indicated that the Si concentrations in the Al-10wt%Mg side were too few to form simple substance Si. According to the analysis above, it was considered that when the magnetic flux density was 0.1 T, the electromag- From the above analysis, when the level DC electromagnetic field was not imposed, the two kinds of molten metals mixed together.
The fishbone structure Mg 2 Si was simultaneously contained in Fig. 10(a) (sample 2-L Fig. 11 (a) (sample 3-L) and no element Si existed in Fig. 11(c) (sample 3-R) . Through the above analysis, when the magnetic flux density of 0.15T was imposed, the mixture of the two kinds of molten metals was suppressed effectively. This compared well with the result of numerical simulation. Figure 12 shows the concentrations distribution of Si and Mg in width direction of the cast slabs under different conditions. As shown in Fig. 12(a) , when the magnetic flux density of 0 T was imposed, the concentrations of both Si and Mg were relatively homogeneous. When the magnetic flux density of 0.15 T was imposed, the concentrations of Si was higher in the right part than in the left part and the concentrations of Mg was higher in the left part than in the right part of the slabs as shown in Fig. 12(b) . The bimetallic slab was obtained.
Conclusions
(1) The numerical simulation of molten metal flow in the mold affected by electromagnetic field is conducted. When the magnetic flux density is greater than or equal to 0.15 T, the effect on the molten metal flow is obvious.
(2) The level DC magnetic field can not only suppress the flow velocity and diminish the depth of the fluid jets but also control the inverse flow areas in the mold. 
